An overview is provided on the diversity of biosynthetic polyhydroxyalkanoic acids, and all hitherto known constituents of these microbial storage compounds are listed. The occurrence of 91 different hydroxyalkanoic acids reflects the low substrate specificity of polyhydroxyalkanoic acid synthases which are the key enzymes of polyhydroxyalkanoic acid biosynthesis. In addition, the importance of bacterial anabolism and catabolism, which provide the coenzyme A thioesters of the respective hydroxyalkanoic acids as substrates to these PHA synthases, is emphasized.
Introduction
After the discovery of poly(3-hydroxybutyric acid), poly(3HB), as a storage compound in Bacillus megaterium in 1926 [25] , D( -)-3-hydroxybutyric acid (3HB) remained the only known constituent of bacterial polyhydroxyalkanoic acids (PHA) until constituents other than 3HB were reported in the sixties and seventies. However, these reports were either based on preliminary chemical analysis [4] or they failed to attract the deserved attention [ 45] . In the early eighties, 3-hydroxyvaleric acid (3HV) and 3-hydroxyhexanoic acid (3HHx) were incidently de-tected as constituents of PHA accumulated by axenic cultures of Bacillus sp. [11] or Alcaligenes eutro phus [20] , and 3-hydroxyoctanoic acid (3HO) was detected as a constituent of PHA accumulated by Pseudomonas oleovorans [5] . It was only recently, that directed investigations, which mainly used the feeding of precursor substrates that exhibited struc tures related to the constituents, revealed an over whelming and unexpectedly great number of new hydroxyalkanoic acids (HA) as constituents of biosynthetic PHA (Fig. 1) . It may be expected that new constituents will continue to be detected by using different precursor substrates or other bacteria. We are now entering a period in which the approach of 'metabolic design' and site-directed mutagenesis of the enzymes involved in PHA biosynthesis will most probably provide new polyesters. This review summarizes the great number of known constituents of biosynthetic PHA, and provides an overview of droxyalkenoic acids with a double bond such as in 3-hydroxy-2-butenoic acid (#86) or 6-hydroxy-3-dodecenoic acid (#87) and various 3HA with a methyl group at the a-carbon atom (#88 to #90).
That all these HA coenzyme A thioesters are substrates of PHA synthases was concluded in most cases from the occurrence of the corresponding HA in the polyesters and from homologies to known pathways rather than by enzymatic studies. Many more substrates of PHA synthases and therefore new constituents of biosynthetic PHA could probably be detected by further in vitro studies. Recently, lactyl CoA was shown to be a poor substrate for the PHA synthases of some bacteria, indicating the incorpora tion of lactic acid (#91) into PHA (43].
PHA from complex samples of non-axenic cul tures
If samples are taken from certain carbon-rich environments, in which high numbers of microorgan isms are present, small amounts of PHA can be isolated which contain in addition to 3HB ( #2) many other HA. From activated sludge from a do mestic sewage plant in Peoria (IL), Wallen and Rohwedder (45] isolated PHA consisting of 3HB (#2), 3HV (#3) and 3HHx (#4); there was also some evidence for the presence of traces of 3-hy droxyheptanoic acid (#5). Analysis of activated sludge from a sewage treatment plant in Veberod (Sweden) revealed PHA consisting of 3HB (#2), 3HHx (#4) and 3HO (#6) (32] . PHA consisting of 3HB (#2), 3HV (#3), 3-hydroxy-2-methylbutyric acid (#88) and 3-hydroxy-2-methylvaleric acid (#89) were obtained from activated sludge from a domestic sewage plant in Tokyo, which was with drawn from the plant and subsequently cultivated in a complex medium in a bioreactor (34] . PHA isolated from an estuarine sediment contained in addition to 3HB (#2), which contributed to only 30% (w /w) of the constituents, at least five other 3HA. Although the identification of the structures of some con stituents was only tentative, evidence for the occur rence of 3HV (#3), 3-hydroxyheptanoic acid (#5), 3HO (#6), 3-hydroxy-6-methylheptanoic acid (#39) and 3-hydroxy-7-methyloctanoic acid (#43) was ob tained (11] ; in addition, two HA with entirely unknown structures occurred. Although all these PHA were synthesized by a complex consortium of mi croorganisms, and the chemical analysis was only preliminary in some cases, these studies clearly demonstrate that complex carbon sources, which oc cur in some environments, can provide PHA with interesting compositions. 
Constituents to be detected in biosynthetic PHA

Biosynthesis of PHA
Three metabolic phases of the biosynthesis of PHA in bacteria can be distinguished (Fig. 4) . First, a carbon source suitable for biosynthesis of PHA must enter the cell from the environment. This is achieved either by a specific transport system located in the cytoplasmic membrane or by diffusion of the compound into the cell. Second, anabolic or catabolic reactions -or both -convert the compound into a hydroxyacyl coenzyme A thioester which is a sub strate of the PHA synthase. Third, PHA synthase, which is the key enzyme of PHA biosynthesis, uses these thioesters as substrates and catalyzes the for mation of the ester bond with the concomitant re lease of coenzyme A. At present it cannot generally be excluded that the PHA synthases also use other thioesters of HA as substrates.
Phase II is of most importance, since during this phase the carbon source is converted into a suitable substrate for the PHA synthase. It would be beyond the scope of this review to describe all possible 
Limitations in the biosynthesis of ho mopolyesters
Most PHA consist of two or more HA. Although many different PHA from biological sources have been described, few biosynthetic homopolyesters such as of 3-hydroxy-5-phenylvaleric acid (#70), 3HV (#3), 3HHx (#4), 3-hydroxyheptanoic acid (#5), 3HO (#6), 3-hydroxynonanoic acid (#7) and of 4HB (#13) [38, 39] (and references cited therein) are available. In addition, these homopolyestersexcept poly(3HV) [38] (and unpublished data) and poly(4HB) [39] -were only produced in rather low amounts, or they occurred in bacteria which are not suited for culture on a large scale. As outlined recently [35] , the metabolic reactions occurring in phase II may result in the formation of various different HA coenzyme A thioesters that are used as substrates by the rather unspecific PHA synthases, thus giving rise to the synthesis of copolyesters.
Conclusions and outlook
The potential for the production of new PHA seems to be limited by the availability and costs of chemicals which can be provided as precursor sub strates to the bacteria, rather than by the substrate range of PHA synthases. Therefore, the chances of obtaining PHA with new HA or with an unusual combination of HA in the future, will depend on the successful screening for bacteria which synthesize these precursor substrates endogenously from simple and cheap carbon sources. Recently, bacteria were isolated which synthesize poly(3HB-co-3HV) or PHA McL from unrelated substrates (see [2] and [35] for reviews). Further contributions will most proba bly arise from the heterologous expression of PHA synthase structural genes in a suitable physiological background which provides these precursor sub strates by anabolic or catabolic pathways. Geneti cally engineered PHA synthases obtained by site-di rected mutagenesis might also be very useful for this. In addition, the use of in vitro biosynthesis systems employing isolated, and possibly immobilized PHA synthase, may also provide new constituents of PHA.
Despite the excitement of more than 90 different constituents of biosynthetic PHA, it should be pointed out that the commercial exploitation of this variety remains limited, since at present only very few PHA are available in sufficient amounts to allow the eval uation of the physical, chemical and biological mate rial properties of these polyesters. Microbiologists can contribute tremendously in the future to solve this dilemma!
